Abstract: Lake-level variations at Marcella Lake, a small, hydrologically closed lake in the southwestern Yukon Territory, document changes in effective moisture since the early Holocene. Former water levels, driven by regional palaeohydrology, were reconstructed by multiproxy analyses of sediment cores from four sites spanning shallow to deep water. Marcella Lake today is thermally stratified, being protected from wind by its position in a depression. It is alkaline and undergoes bio-induced calcification. Relative accumulations of calcium carbonate and organic matter at the sediment-water interface depend on the location of the depositional site relative to the thermocline. We relate lake-level fluctuations to down-core stratigraphic variations in composition, geochemistry, sedimentary structures and to the occurrence of unconformities in four cores based on observations of modern limnology and sedimentation processes. Twenty-four AMS radiocarbon dates on macrofossils and pollen provide the lake-level chronology. Prior to 1O000 cal. BP water levels were low, but then they rose to 3 to 4 m below modern levels. Between 7500 and 5000 cal. BP water levels were 5 to 6 m below modern but rose by 4000 cal. BP. Between 4000 and 2000 cal. BP they were higher than modern. During the last 2000 years, water levels were either near or 1 to 2 m below modern levels. Marcella Lake water-level fluctuations correspond with previously documented palaeoenvironmental and palaeoclimatic changes and provide new, independent effective moisture information. The improved geochronology and quantitative water-level estimates are a framework for more detailed studies in the southwest Yukon.
Introduction
Previous palaeoecological studies in the semi-arid regions of central Alaska and southwest Yukon have identified long-term millennial-scale climatic fluctuations since the late Pleistocene (Cwynar, 1988; Stuart et al., 1989; Cwynar and Spear, 1991;  A f S~~~~/ _nk~~~~I _ \ F~~_~~~~~~0 0 Marcella Lake Figure 1 Location of the Yukon Territory, Marcella Lake and Birch Lake (modified from the Atlas of Canada, Natural Resources Canada) indicating core locations for this study and that of Cwynar (1988) . (Photograph A22408, copyright 1949 by Her Majesty the Queen in Right of Canada, reproduced from the collection of the National Air Photo Library, with permission of Natural Resources Canada)
for effective moisture during the late Pleistocene and early Holocene Abbott et al., 2000; Finney et al., 2000) . Birch Lake was either seasonally dry or desiccated prior to 14000 cal. BP. It subsequently filled, but levels fluctuated between 13000 and 9000 cal. BP. Soon after 5500 cal. BP it overflowed, which is broadly coincident with oxygen isotope evidence for a transition to cooler and wetter climatic conditions in the central Brooks Range of northern Alaska (Anderson et al., 2001 ). However, once overflowing, the lake was no longer sensitive to further increases in effective moisture and the late Holocene record is largely unknown. Less information is known about postglacial effective moisture variability in the southwest Yukon (Ritchie and Harrison, 1993) . Previous studies have documented early Holocene warmth in the northern Yukon (Ritchie et al., 1983; Burn 1997) , and a middle-Holocene wet phase in the central Yukon (Pienitz et al., 2000) . Late-Holocene glacial advances occurred in the southwest Yukon, interpreted as evidence for cooler temperatures (Denton and Karlen, 1977; Calkin et al., 2001) Digerfeldt, 1986) . Following this approach, we reconstructed a quantitative lake-level record from variations in sediment cores along a gently sloping bathymetric profile. The sampling resolution and sediment core chronologies are of sufficient quality to document the timing of effective moisture shifts at the millennial scale, or better.
Field area
Marcella Lake (60.074°N, 133.808°W, 697 m a.s.l.) is located in a northwest to southeast trending depression on a terrace of unconsolidated till and outwash east of the Lubbock River in the southern Yukon Plateau physiographic region ( Figure 1 ). The larger depression is interpreted as a former melt-water channel that presumably formed -11 000 cal. BP during recession of the northern edge of the Cordilleran Ice Sheet (Dyke et al., 2002) . The lake is small (0.4 kM2), shallow (9.7 m) and sits -20 m below the terrace surface in a well-defined 0.8-km2 watershed. Surface inflow is limited to the local basin and outflow appears to be restricted to evaporation. Bathymetry is simple with a gently dipping slope from the shallow southeast bay to the deepest area of the basin (Figure 1 (Wahl el al., 1987) . The intensity and position of the Aleutian Low, centred over the Gulf of Alaska, influences the trajectory and intensity of storms entering the region. A precipitation maximum occurs between May and September (Wahl et al., 1987; Mock et al., 1998) . Mean annual temperatures measured at nearby Teslin and Whitehorse are between -2 and 0°C. January mean temperatures range between -15 and -20°C and July mean temperatures are between 10 and 15°C (Wahl et al., 1987; Environment Canada, 2003) . Regional lake-ice break-up occurs between April and May and freeze-up occurs between October and November. Cwynar (1988) produced a detailed late-Quaternary pollen record for this site; in his study the lake was called Kettlehole Pond.
Limnology and sedimentation
Limnological measurements made in July 2000 provide a basis for understanding the controls on modern sedimentary facies and a means to interpret down-core sedimentary facies changes in terms of lake level. Autocthonous sedimentation of bioinduced calcium carbonate and organic matter are predominant throughout the lake. The wind-protected basin experiences a strong thermal stratification, which is shown by temperature and dissolved oxygen profiles of the water column (Figure 2 ). Surface-water was 16.3°C, a thermocline occurred between 5 and 8 m depth and bottom water temperatures were 5.5°C. Dissolved oxygen concentrations at the surface, 9.2 mg/L, decreased to < 0.3 mg/L in the hypolimnion. However, intact surface sediments from gravity cores taken in 9.6 m depth clearly showed the sediments to be bioturbated. The lake probably overturns at least once, but more likely twice per year during the spring and/or autumn.
Thermocline depth is controlled by lake volume and heat capacity, and is strongly influenced by lake level (e.g., Fee et al., 1996) . In general, for lakes with simple bathymetry, an increase in lake volume will result in a decrease in thermocline depth and vice versa. Marcella Lake basin morphometry is simple and has been modified very little by Holocene sedimentary infilling. If past thermoclines formed at depths similar to today ( -55-8 m), then contrasting sedimentation above and below the thermocline provides a means to reconstruct former lake levels from sediment cores from shallow-to-deep depths.
Marcella Lake water alkalinity, calcium and magnesium concentrations (339 mg CaCO3/L, 25.4 mg/L Ca2 + and 70.8 mg/L Mg2+) sustain bio-induced carbonate precipitation within surface waters by Charophytes (Chara sp.) in the shallow southeast bay (McConnaughy, 1991; McConnaughy et al., 1994) . Randomly collected surface sediments (collected by L.C. Cwynar) demonstrate how relative proportions of calcium carbonate and organic matter are related to thermocline depth (Figure 2 ). In general, sediments accumulating above the thermocline (<5 m) contain significantly more calcium carbonate (30-80%) than organic matter (20-50%). Sediments accumulating within the upper-thermocline (5-6 m) contain approximately equal proportions, and calcium carbonate is predominantly intact charophyte encrustations rather than fine-grained calcite. Sediments accumulating below the thermocline (. 7 m) contain significantly more organic matter (>60%) than calcium carbonate (<20%). This relationship appears to be related to acidity, temperature and dissolved oxygen in the water column (e.g., Stabel, 1986; Dean and Megard, 1993; Dean 1999; Ramisch et al., 1999 The core chronologies are based on AMS radiocarbon dates from terrestrial macrofossils (Table 1 ) and the median calibrated (2-sigma) age of the White River tephra, 1150 cal. BP (Clague et al., 1995) . At stratigraphic levels where terrestrial macrofossils were not present in sufficient quantities, intact aquatic macrofossils and purified spruce pollen samples were used (Brown et al., 1989) . Radiocarbon ages were calibrated using CALIB 4.0 following the methods of Stuiver et al. (1998) . Both the measured radiocarbon and median calibrated ages are reported but only calibrated ages are used for discussion. Rates of sedimentation were determined by linear interpolation between dated stratigraphic depths.
Results
The cores were taken on a transect from deep to shallow water ( Figure 1 ). Core A and B were taken within 2 m of each other at 960 cm BML and have overlapping stratigraphic intervals. The cores were matched visually and with bulk sediment data to make composite core A/B (Figures 3 and 4) . Core F was taken on the slope between A/B and C/E. It contained 340 cm of reworked lacustrine mud interspersed with shell lag deposits. With the exception of an AMS radiocarbon age of the basal sediments, no other sedimentary analyses were performed on core F. Core C and E were taken within 1 m of each other at 430 cm BML. They contain overlapping stratigraphic intervals and were matched in a similar manner as A and B ( Figure 5 ). Core D (195 cm BML) contained 360 cm of stratigraphically intact sediment ( Figure 6 ). Sedimentary facies descriptions and water depth interpretations are summarized in Table 2 (Table 1) . Figure 3a shows percentages of key pollen taxa with depth for the whole section, prior to any adjustments. Upwards from near the base, the early spruce zone (-470-425 cm) shows increasing Picea, stable Juniperus and Alnus, and decreasing Betula, Salix, Populus, Artemisia and Cyperaceae. Between the samples at 428.5 cm and 408.5 cm these patterns are abruptly interrupted and succeeded by a zone (labelled 'displaced material') in which taxa prominent prior to the spruce rise dominate, and Picea and Juniperus are largely absent. Towards the top of this zone ( -340-300 cm), small quantities of Picea and Juniperus reappear, suggesting that there may have been some mixing of the sediments as the displaced material moved. From -300-260 cm, the pollen curves are almost identical to those of the early spruce zone and this repeat is taken to mark the uppermost portion of the displaced material. Figure 3b shows that removal of the suspect material (thickness, according to the pollen stratigraphy, < 170 cm) yields a pollen curve consistent with Cwynar's (1988) . Statistically identical radiocarbon ages from depths immediately above (259 cm) and below (429 cm) provided further constraints on the thickness of the displaced material and the timing of the event ( -7850 cal. BP). Figure 4 shows core A/B stratigraphy and bulk sedimentary data after removing the suspect sediment (unit 3a) and adjusting the depths for samples below 260 cm.
Overlying basal gravel (unit 4), unit 3c (348-328 cm, corrected depth) is composed of grey, silty marl characterized by a relatively high magnetic susceptibility (> 3 SI), high dry bulk density (> 0.6 g/cm3), low organic carbon (< 30%; elemental analyser method) and high calcium carbonate (>40%) primarily in the form of bivalve shell fragments. 613C values are low (-31 %.) and C/N ratios are relatively low (12). A radiocarbon age reversal indicated on an aquatic macrophyte at 505 cm, 10 650 + 50 (OS-12130), indicates either a significant reservoir effect or sediment re-working.
The lower boundary of unit 3b (328-260 cm, corrected depth) is marked by a transition to strongly laminated organic marl. The shift is distinguished by decreased magnetic susceptibility (0 SI), decreasing dry bulk density (< 0.2 g/cm), increased organic carbon (30-40%) and highly variable but lower carbonate content (20-40% decreases by 4/7.
The transition from unit 2a to unit 1 at 95 cm is a gradual change in colour and texture. Unit 1 is faintly colour banded, bioturbated, olive-brown, gelatinous, organic mud. The 1.0 cm thick White River tephra (Clague et al., 1995) (Figure 5) . (Table 3) . For example, in core A/B unit 2, when laminations indicate the lake was meromictic, organic matter 613C ratios were high, C/N ratios were relatively low and 615N ratios were very low (Figure 4 ). Meromictic conditions may be caused by a number of factors including higher lake level, shifts in biological productivity resulting from increased nutrient loading by watershed run-off, or longer ice cover duration causing diminished spring and autumn overturn. Either of the first two possibilities supports an increase in the regional effective moisture and the third case, ice cover, is an unlikely explanation.
Mixing regime variations may be a significant factor for carbon and nitrogen isotope variations (e.g., Hodell et al., 1998) . Organic matter 613C records the isotopic composition of lake-water dissolved inorganic carbon (DIC) . DIC is in turn a reflection of organic carbon sequestration rates and carbon isotope ratios of CO2 sources from atmospheric dissolution, biological respiration and groundwater (Oana and (Hodell et al., 1998) . Organic matter 615N is possibly related to the degree of nitrogen recycling within the lake (Kendal, 1998) . Lake-level reconstruction Figure 7 shows the lake-level reconstruction; stratigraphic data are shown as depth below modern level (BML) on a calibrated age scale. Radiocarbon ages illustrate relative sedimentation rates at each site and sedimentary interpretations (Table 2) provide maximum and minimum water-depth estimates indicated by the grey shading. The thickness of the grey shading indicates the range of water-depth estimates.
The lowermost sediment in A/B and D suggest lake level initially rose 9 m (4 to 5 m BML) soon after deglaciation. Intact sediment from the southeastern slope appears to have been displaced into the deep basin -8000 cal. BP (unit 3a core A/B). This resulted in an apparent delay in the onset of sedimentation at F (7500 cal. BP) and slow, disturbed sedimentation at D (unit 2). Such slope failures are due to instability that could be caused by a variety of events including seismic activity, sediment de-gassing or lower lake levels that expose shelf sediments to wave action. If the slope failure was due to a lower lake stand, water levels could have lowered 3 m (7-8 m BML). After 7500 cal. BP, deep-water sedimentation at A/B (unit 2b) and shallow sedimentation at C/E (unit 3) 
Holocene palaeoclimate
The lake-level reconstruction indicates that, after correcting for sediment infilling, water levels were 3 m lower than modern Age (cal BP) Figure 8 Correlation on a calibrated radiocarbon timescale of Marcella Lake water levels with glacier activity in the St Elias Mountains (Denton and Karlen, 1977) , July insolation at 60°N (Berger and Loutre, 1991) and water levels at Birch Lake, Alaska . High stands occurred when summer insolation was high in early Holocene and when it was relatively low in the late Holocene between 10000 and 5000 cal. BP, higher than modem between 4000 and 2000 cal. BP and slightly below or near modem after 2000 cal. BP (Figure 8) . This lake-level history corresponds with the climatic history inferred from pollen by Cwynar's (1988) core retrieved at 760 cm BML ( Figure 1 ) and is reflected in the pollen record (Figure 3b ). Cwynar (1988) (Cwynar, 1988 ; see also Cwynar and Spear, 1995 (Mann and Hamilton, 1995) . Pollen studies in Alaska and terrestrial evidence in the Yukon reflect late glacial aridity (Wang and Geurts, 1991; Bigelow and Edwards, 2001; Lauriol et al., 2001 Lauriol et al., , 2002 . Rising sea level correlates with initial lake-level rises in Birch Lake . The climatic response in the southwest Yukon to rising late-Pleistocene sea levels was delayed, perhaps by local climatic effects caused by the Cordilleran ice sheet. The first wet phase in Marcella Lake occurred later, between 10 000 and 9000 cal. BP, which appears to correlate with the third wet phase at Birch Lake. Several environmental changes in the northern Yukon indicate climate was warmer during this period when solar insolation was at a maximum. Spruce micro-and macrofossils found on the north coast suggest a northward position of boreal forest tree line (Ritchie et al., 1983) . Additionally, a prevalent thaw unconformity dating -9000 cal. BP formed at the base of an active layer 2.5 times thicker than present (Burn, 1997) . In the central Yukon, a thaw unconformity dates -9500 cal. BP (Bum et al., 1986) . Northern Yukon thaw lake formation was at a maximum -9000 to 8000 cal. BP (Mackay, 1992) . In the southern Yukon, the early part of this period was arid, compared with the present day or the middle Holocene. These data are evidence for a warm and dry early Holocene. At 9000-10000 cal. BP there was a rapid increase in lake level, suggesting a shift in the precipitation regime. The early aridity may have prevented the regional establishment of spruce forest.
Middle Holocene (7500-4000 cal. BP) Between 7500 and 5000 cal. BP lake levels were relatively stable 5 m BML, indicating conditions considerably drier than present and the immediately preceding period. This is consistent with reduced snow accumulation in the alpine zone of the southwest Yukon between 6700 and 4700 14C-yr BP (Farnell et (Denton and Karlen, 1977) . Later, temperatures in the northern Yukon decreased. Peat-land permafrost development by 4700 cal. BP suggests decreasing temperatures (Vardy et al., 1997) and ice-wedge growth, which was uncommon in the early Holocene, was underway by 4500 cal. BP (Mackay, 1992) .
Late Holocene (4000 cal. BP to present)
Regional cooling occurred during a period of higher than modern water levels between 4000 and 2000 cal. BP and is contemporaneous with valley glacier advances in the St Elias Mountains (Denton and Karlen, 1977) . Three intervals of glacier expansion were documented (3400-2400, -1200 and 400-90 cal. BP) (Figure 8 ). Thus, as in central and northern Alaska, late Holocene glacial advances in the southwest Yukon appear to coincide with increasingly wet climatic conditions in addition to a millennial-scale decrease in summer insolation (Anderson et al., 2001; Lamoreux and Cockburn, 2005 (Spooner et al., 2003; Anderson et al., 2005) and forthcoming research will evaluate this hypothesis in further detail (e.g., Fisher et al., 2004) . This lake-level reconstruction serves to constrain the timing and direction of large-scale changes in effective moisture and thereby provide a framework for further, more detailed studies.
